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Abstract
Exocytosis is the major mechanism by which new membrane components are delivered to the cell
surface. In most, if not all, eukaryotic cells this is also a highly spatially regulated process that is
tightly coordinated with the overall polarity of a cell. The Rho/Cdc42 family of GTPases and the
lethal giant larvae/Sro7 family are two highly conserved families of proteins which appear to have
dual functions both in cell polarity and exocytosis. Analysis of their functions has begun to unravel
the coordination between these processes and propose a model for polarized vesicle docking and
fusion at the site of asymmetric cell growth.
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The ability to deliver newly synthesized proteins and lipids to discrete sites on the cell surface
is critical for the ability of eukaryotic cells to grow asymmetrically (i.e. tall and thin vs. round),
to release morphogens on a discrete side of a cell layer during embryonic development, and
for a variety of other processes involving both static and dynamic asymmetry of the plasma
membrane. The major mechanism by which new membrane components are delivered to the
cell surface is by delivery, docking, and fusion of secretory vesicles with the plasma membrane
—otherwise known as exocytosis. In most, if not all, eukaryotic cells this is also a highly
spatially regulated process that is tightly coordinated with the overall polarity of the cell. In
epithelial cells, for example, the polarized delivery of basolateral and apical proteins to their
respective sites on the plasma membrane is critical to the morphology and physiology of these
cells. In neurons polarized trafficking is critical not only to the distinction between dendritic
and axonal processes but also to the biogenesis and physiology of the synaptic terminal in
neurotransmitter release. In all eukaryotic cells it is likely that overall cell polarity and the
polarity of sites of exocytosis must be tightly coordinated.
The yeast, Saccharomyces cerevisae, provides an attractive model in which to study polarized
exocytosis. Yeast cells are highly polarized during most of their life cycle—this is most
apparent when examining their pattern of growth which involves the development and
asymmetric enlargement of the bud which following mitosis pinches off (cytokinesis) to form
a new daughter cell. Growth during the cell cycle is highly polarized but dynamic (see Figure
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1). The protein machinery which is involved in cell polarity and exocytosis is concentrated at
bud tips in small budded cells and later relocalizes at the mother-bud neck just prior to
cytokinesis. Many of the components which are involved in both cell polarization and
exocytosis have been well characterized in yeast, although the mechanism by which their
functions are coordinated are not at all well understood. The combination of cell biological
and genetic tools available in yeast make it in an excellent system in which to unravel the
coordination of these processes.
Polarized exocytosis in yeast involves three distinct steps: 1) polarized delivery of vesicles
along actin cables toward sites of polarized growth 2) docking of secretory vesicles with the
plasma membrane and 3) polarized fusion of secretory vesicles at sites of polarized growth.
Several factors have been implicated in secretory vesicle delivery most notably actin and the
unconventional myosin, Myo2, (1) as well as the Sec4 exchange factor Sec2 (2). The second
docking stage appears to require both the Rab GTPase, Sec4, as well as a multiprotein complex
known as the Exocyst (also sometimes referred to as the Sec6/8 complex). The Exocyst
complex is composed of eight proteins: Sec3, Sec5, Sec6, Sec8, Sec10, Sec15, Exo84, and
Exo70 (3,4). Analysis of temperature-sensitive mutants in these proteins has shown that each
of these is required for efficient exocytosis to the cell surface. The initial docking of secretory
vesicles is thought to involve an interaction between GTP-bound Sec4, a component of the
post-Golgi vesicles, and the Exocyst complex on the plasma membrane. The final step involves
the actual fusion of the secretory vesicles with the plasma membrane which is thought to be
dependent primarily on the action of SNARE proteins both on the vesicle, the v-SNARE Snc1
(or its close homolog Snc2), and on the plasma membrane a complex of two t-SNARE proteins,
Sec9 and Sso1 (or its close homolog Sso2) (5). Genetic evidence suggests that the final two
steps are likely to be tightly linked functionally and it is likely that regulation of each of these
steps contributes to the overall polarity of this process. Moreover, it is clear that the polarization
of the exocytic events must be coordinated with other cell polarization events such as
polarization of the cytoskeleton and delivery of cell surface markers to the correct site. An
example is the delivery of the Bud8 and Bud9 proteins. They are thought to serve as cell surface
landmarks for bud site selection and as integral membrane proteins are carried to the cell surface
by exocytosis (6). Therefore, not only must sites of exocytosis be coordinated with other
polarization signals, but polarization of the exocytic process may itself play a role in the
determination and maintenance of the polarized phenotype. In this review we focus on the role
of two highly conserved families of proteins that appear to have dual functions both in cell
polarity and exocytosis. The first is the Rho/Cdc42 family of GTPases and the second is the
lethal giant larvae/Sro7 family—both of which have well ascribed roles in regulation of cell
polarity in a variety of model organisms and a direct role in the regulation of exocytosis in
yeast.
Rho/Cdc42 GTPases as spatial regulators of exocytosis
Rho family GTPases, including Rho, Cdc42 and Rac GTPases, are thought to have a central
role in polarized growth processes (7,8). Yeast contain six Rho family members RHO1-5, and
CDC42. Three of these Rho GTPases have been implicated in the polarization and function of
the exocytic apparatus—all through regulation of the Exocyst complex. The role of Rho3 in
exocytosis was first identified in a genetic screen for suppressors of an effector mutant in the
Rab GTPase Sec4, sec4-P48(9). Rho3, in its GTP-bound state, was found to positively regulate
late secretory function through physical interaction with the Exo70 component of the Exocyst
complex (9,10,11). Phenotypic analysis of a collection of conditionally defective alleles of
Rho3 demonstrated that Rho3 plays a direct role in exocytosis which is distinct from its role
in regulation of actin polarity (9). In particular one allele, rho3-V51, which was specifically
defective in its interaction with Exo70, had a severe secretory defect while actin polarity was
normal (9).
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Cdc42 appears to play a central role in the establishment and maintenance of polarity in yeast
(8,12). Genetic analysis suggested that, like Rho3, Cdc42 participates in exocytosis in a manner
that functionally overlaps with, but is not identical to, that of Rho3 (13). Like Rho3, the key
to this discovery was the identification of a particular allele, cdc42-6, which had a highly
specific defect in the exocytic function with little effect on the other effectors pathways
regulated by Cdc42. Partial functional redundancy between Rho3 and Cdc42 was suggested
by the fact that the rho3-V51 and cdc42-6 mutants are synthetically lethal in combination with
each other and that each mutant is suppressed by overexpression of the wild-type form of the
other. Additionally, both mutants are suppressed by a common set of dosage suppressors
including SEC9, SEC4, SRO7, and SSO2--all of which are themselves components of the
exocytic docking and fusion machinery. Interestingly, examination of rho3-V51 and cdc42-6
mutants by electron microscopy showed that while rho3-V51 accumulated vesicles at all stages
of the cell cycle, the cdc42-6 mutant accumulated vesicles only in small budded cells (9,13).
The cell cycle-specific nature of the defect in cdc42-6 was confirmed by secretion analysis of
synchronized yeast cell cultures. Using these synchronized cultures, it was demonstrated that
the post-Golgi secretory defect was most prominent early in the cell cycle as small buds were
just emerging (13). Interestingly, both mutants displayed a polarized actin cytoskeleton as well
as a robust polarization of the Exocyst components Sec8, Exo70, and Sec3, the vesicle marker
Sec4, and the type V myosin, Myo2 (13,14). These observations led to the conclusion that the
pathway(s) effected by the cdc42-6 and rho3-V51 mutants does not involve localization of the
Exocyst complex on the plasma membrane, but rather regulation of the activity of this complex
at sites of polarized growth (14).
These results are not consistent with the “Landmark” model for Exocyst function proposed by
Novick and colleagues almost a decade ago (15), in which the localization of the Exocyst
complex acts to mark a site (or landmark) on the plasma membrane where exocytic vesicle
fusion is then targeted to. In this model factors acting upstream of the Exocyst complex (such
as the Rho family GTPases) would function primarily to help localize or sequester the Exocyst
complex to future sites of polarized growth. However analysis of the rho3-V51 and cdc42-6
mutants described above suggest that Rho3 and Cdc42 function in exocytosis is not directed
at determining the localization of this complex (14). This led to the proposal of the “Localized
Activation” model in which Cdc42 and Rho3 act as regulators of Exocyst function in a manner
similar to that described for Rho/Cdc42 activation of other effectors such as Formins, WASP,
and PAK/STE20 kinases (14). In this model a localized patch of Cdc42 or Rho3 in their GTP-
bound state binds to the Exocyst complex through physical interaction with the Exo70 subunit.
The Rho/Exo70 interaction leads to a structural change in the protein:protein interactions
within the Exocyst complex. This interaction would then relieve an “autoinhibitory” interaction
within the Exocyst and a basal state would be converted into an activated state (see Figure 2).
This change leads to an increase in Exocyst function at sites marked by the presence of GTP-
bound Rho/Cdc42 protein. The increase in docking/fusion rate at these sites would be expected
to polarize any components brought to the membrane by post-Golgi trafficking including the
Exocyst and Cdc42 GTPase (but not the Rho3 GTPase) leading to a positive feedback loop—
and resulting in the continued polarization of these components. Several independent
predictions of this model were tested by genetic and cell biological approaches and all of these
examinations strongly support the notion that the Rho3 and Cdc42 GTPases act by local
activation of the Exocyst rather than by sequestering the complex as a landmark for exocytosis
(14). The challenge is now to o understand the mechanism by which Rho3/Cdc42 activate the
function of the Exocyst and understand how this contributes to the polarization of the cell
surface growth.The recent determination of the crystal structure of several of the Exocyst
subunits will, no doubt, help further elucidate the molecular mechanism for the activation
model (16).
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Role of the Lgl/Sro7 family in polarity and exocytosis
Discovered by Bridges in the 1930s, lethal (2) giant larvae [l(2)gl] was the first tumor
suppressor identified in Drosophila melanogaster. Loss of function mutations in this gene lead
to loss of polarity in at least three types of fly epithelia (17,18) and is required for cell polarity
associated with asymmetric cell divisions of neuroblasts during fly development (19,20). As
with the PDZ-containing proteins Scribble and Dlg, Lgl contributes to the correct targeting of
apical determinants for epithelial cell polarity and mutations in l(2)gl lead to a loss of monolayer
organization and the formation of epithelial derived tumors (21,18). Lgl's role as a tumor
suppressor appears to be tightly linked to its role in cell polarity. However, the precise cellular
role of Lgl remains controversial (22,23).
Kagami et al. (24) identified yeast homologs of Lgl in a screen for dosage suppressors of the
growth defect associated with loss of the Rho3 GTPase. SRO7 and SRO77 are a redundant gene
family as loss of individual genes has no detectable effect on growth but when both genes are
deleted yeast cells become extremely cold-sensitive (24,25). The authors suggested a potential
role for Sro7 in regulation of actin polarity downstream of Rho3 based on actin polarity defects
observed in sro7Δ,sro77Δ mutants following an 18 hour shift from 37°C to 19°C. Larsson et
al. (26) also isolated SOP1/SRO7 by complementation of a S. cerevisiae salt sensitive mutant
and showed that sro7Δ cells were sensitive when exposed to a high sodium concentration.
Evidence that lethal giant larvae-like proteins may play a role in exocytosis was provided by
the identification of a neuronal rat homolog which was found in association with the t-SNARE
proteins, Syntaxin and SNAP-25 (27). This homolog, known as tomosyn, differs from its fly
and yeast counterparts in that it contains a v-SNARE domain at its C-terminus (28,29). This
led to the hypothesis that tomosyn might function in SNARE assembly by providing a surrogate
v-SNARE-like helix during the assembly of the t-SNARE complex of Syntaxin and SNAP-25.
The first functional evidence for a role of Lgl in exocytosis came from the identification of
Sro7 and Sro77, in a two-hybrid screen for proteins which could bind to the t-SNARE Sec9.
Consistent with the two-hybrid interaction with Sec9, Lehman et al. (25) demonstrated that
sro7Δ,sro77Δ cells had a profound exocytic defect following a shift to the restrictive
temperature. The Sro7 protein was localized at the cell periphery as well as in the cytosol and
it was found associated with Sec9 in both pools. Consistent with the exocytic defect being due
to a role in SNARE assembly, Sro7 was also found associated with ternary SNARE complexes
of Sec9/Sso/Snc. In order to establish whether the primary function of Sro7/77 was in
exocytosis or actin polarity the timing of the onset of secretory defects vs. actin polarity defects
was determined. After a 3 hour shift to 19°C, profound secretory defects were observed in
sro7Δ ,sro77Δ cells while actin polarity was virtually identical to wild-type cells (25). Only
after very prolonged shifts to the non-permissive temperature of 19°C (>12 hours) did actin
polarity defects become apparent. Therefore the primary function of Sro7/77 in yeast cells is
in exocytosis and the effects on actin polarity are a secondary effect—perhaps due to prolonged
loss of cell surface delivery. More recently Wadskog et al. have demonstrated that the salt
sensitivity seen in sro7Δ mutant cells is also due to a exocytic defect as the ENA1encoded
sodium pump fails to be delivered to the surface in exocytic vesicles when the mutant cells are
exposed to sodium (30).
Non-neuronal homologs of Lgl have been identified in humans and mice and they appear to
have properties similar to that of their Drosophila counterpart (31,32). The similarities include:
1) high levels of expression in epithelial tissues 2) presence in a high MW oligomeric complex
3) association with the lateral membrane of polarized epithelia. A mammalian homolog of Lgl,
termed Mlgl, was characterized in the epithelial cell culture line, MDCK cells (33). Polyclonal
antibodies raised against the mouse Mgl-1 protein recognize a single protein of the size
predicted from the Mgl-1 cDNA. Interestingly, like the yeast and fly protein, this protein is
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present in a high MW complex that partitions between the cytosol and membrane. In MDCK
cells grown in monolayer, Mlgl is found specifically associated with the lateral membrane.
This is virtually identical to the staining of fly Lgl protein (34). Finally, the Mlgl protein was
found to be associated with the plasma membrane SNARE proteins in MDCK cells. In
particular an association of Mlgl-1with the basolateral specific t-SNARE, Syntaxin4 as well
as Syntaxin4/SNAP-23 complexes were found to be present in these cells. Unfortunately
attempts to demonstrate a direct function in basolateral transport have so far been unsuccessful
due to the inability to perturb endogenous Mlgl proteins following treatments with siRNAs or
microinjection of antibodies. This is likely due to the high abundance and stability of the
endogenous Mlgl1 or due to redundancy with another closely related isoform, Mlgl2 which is
also well expressed in epithelial cells—including MDCK cells (A. Muesch, personal
communication). Importantly, the ability of Lgl proteins from yeast and mammalian cells to
interact with SNARE proteins strongly suggests that regulation of membrane trafficking is
likely to be a conserved feature of the function of the Lgl family of proteins.
While work on Lgl in yeast has now clearly demonstrated a direct role for Sro7 in polarized
cell surface delivery, the relevance of this to the role of Lgl in cell polarity in other systems
remains somewhat controversial (see 22 and 23 for recent reviews). However, Gangar et al.,
(35) found evidence that the ability to interact with t-SNAREs is a structurally conserved and
functionally important feature of this family. By analyzing chimeric Lgl proteins in which large
regions of yeast and mammalian Lgl proteins were exchanged, it was determined that the C-
terminal domain of each protein is the primary site of SNARE interaction and that the ability
to interact with SNARE proteins is likely to be critical to the ability of Lgl proteins to function
in the cell (35). This analysis also strongly suggests that the overall structural organization of
Lgl proteins is likely to be conserved between yeast and mammals.
A new, and we believe potentially very important piece of information in the Lgl story has
come with the recent discovery that the yeast Sro7 protein may be a direct effector for the Rab
GTPase, Sec4. An interaction between Sec4 and Sro7 was first suggested by a proteomic screen
using recombinant GTP-locked Sec4 protein. Further work demonstrated that the interaction
between Sec4 and Sro7 is direct and depends on the nucleotide state of the Rab GTPase (36).
Genetic studies suggest that Sro7 has many of the properties to be a key downstream effector
in transmitting Rab GTPase function onto the SNARE assembly process (25,36).
Applying Lessons from Yeast to Polarization in Animal Cells
Work over the last two decades has provided abundant evidence that the overall mechanisms
involved in vesicle transport are well conserved between yeast and animal cells. However,
while there are many similarities in cell polarization between yeast and animals (8,37,38), there
are also likely to be key differences which animal cells have evolved in order to handle the
additional complexity necessary for cells to organize into complex tissues and organ systems.
Many of the mechanistic interactions critical for the spatial regulation of trafficking in yeast
are likely to be conserved in mammals (see Figure 3). For example an interaction between the
Cdc42 homolog TC10 and the mammalian Exo70 homolog has been recently shown to be
important for regulation of Glut4 transport to the cell surface in adipocytes (39). This pathway
may be one of several redundant mechanisms by which insulin signaling is coupled to glucose
transport in adipocytes. While the yeast Rab GTPase Sec4 is thought to function through
interaction with the Sec15 component of the Exocyst complex, in mammalian cells Rab11 has
been suggested to have an analogous regulatory interaction with the mammalian Sec15 cognate
in transport from the recycling endosome to the plasma membrane (40,41). We have shown
that homologs of Lgl found in mammalian polarized epithelia are found at sites of basolateral
transport and are specifically associated with the basolateral t-SNARE, Syntaxin4, as well as
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Syntaxin4/SNAP-23 t-SNARE complexes (which are homologous to Sso1/Sec9 t-SNARE
complex in yeast). This may suggest that mammalian Lgl proteins play a role in regulating t-
SNARE function in basolateral vesicle docking/fusion in a manner analogous to the role of
Sro7 in regulating vesicle docking in fusion in yeast. However, it is important to point out that
as yet no direct functional evidence for a role for Lgl in vesicle transport has been demonstrated
in animal cells. Determining whether Lgl plays a role in vesicle trafficking in animal cells, and
if so what particular trafficking step it is involved in, is a key step in understanding the overall
conservation of this pathway to a general model for cell polarization.
Final Thoughts
Previous models of polarized growth in yeast have focused on the role of the actin cytoskeleton
as a primary determinant in the generation and maintenance of the polarized phenotype (42).
However, more recent work has identified pathways in which key cell polarity determinants
act as direct regulators of the exocytic machinery independent of the actin cytoskeleton. In
particular two distinct families of polarity determinants--the Rho/Cdc42 and Lgl/Sro7
families--have each been found in yeast cells to be direct regulators of exocytic function and
in each case their ability to properly function in cell polarization has been found to be linked
to their ability to physically engage the exocytic apparatus. This suggests that the spatial
regulation of cell surface trafficking may play a critical and distinct role in determining overall
cell polarity. The fact that this regulation appears to work largely independent of the
polarization of the cytoskeleton may provide the cell with an alternative mechanism to regulate
polarity--which may be especially critical in situations where the cytoskeleton is being
established or reorganized.
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Figure 1. Changes in the sites of exocytosis during the cell division cycle in yeast
The direction of polarized secretion and growth changes during the growth cycle of a haploid
yeast cell. Growth at incipient and small buds is highly polarized at the tip, and as the bud
enlarges the sites of exocytosis spreads until it becomes transiently isotropic (unpolarized)
within the bud, which is followed by repolarization at the mother-bud neck just prior to
cytokinesis.
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Figure 2. Two Models for Regulation of Exocyst Function by Rho GTPases
In the Landmark or Recruitment Model (A) Rho GTPases (bound to GTP) would directly
recruit exocyst components to the site of polarized growth. The presence of the exocyst would
then serve as a “Landmark” for the efficient docking and fusion of secretory vesicles. In the
Localized Activation Model (B) the polarized Rho-GTP would locally stimulate or activate
the activity of the exocyst complex function. Since exocyst components are carried to sites of
polarized growth by vesicle delivery, this would ultimately result in their polarization of the
exocyst as a consequence of the activation by the GTPase.
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Figure 3. Conservation of Factors involved in vesicle trafficking to the cell surface between yeast
and animal cells
The cartoon on the left shows the names and proposed functions of factors involved in post-
Golgi vesicle docking and fusion in yeast. The cartoon on the right shows the mammalian/
metazoan homologs of the yeast proteins. The precise trafficking steps in which these
components function are likely to vary in different cell types and in different organisms.
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